Background: Ectodomain shedding by the metalloproteinase family affects axon guidance and neurite outgrowth. Results: IgLON family members are metalloproteinase substrates that promote neurite outgrowth in a metalloproteinase-dependent manner. Conclusion: IgON family members are shed from the surface of cortical neurons to promote neurite extension. Significance: Proteolytic cleavage of IgLON family members could have critical roles in specific targeting and synaptogenesis in cortical neurons.
Matrix metalloproteinases and a disintegrin and metalloproteinases are members of the zinc endopeptidases, which cleave components of the extracellular matrix as well as cell surface proteins resulting in degradation or release of biologically active fragments. Surface ectodomain shedding affects numerous biological processes, including survival, axon outgrowth, axon guidance, and synaptogenesis. In this study, we evaluated the role of metalloproteinases in regulating cortical neurite growth. We found that treatment of mature cortical neurons with panmetalloproteinase inhibitors or with tissue inhibitors of metalloproteinase-3 reduced neurite outgrowth. Through mass spectrometry, we characterized the metalloproteinase-sensitive cell surface proteome of mature cortical neurons. Members of the IgLON family of glycosylphosphatidylinositol-anchored neural cell adhesion molecules were identified and validated as proteins that were shed from the surface of mature cortical neurons in a metalloproteinase-dependent manner. Introduction of two members of the IgLON family, neurotrimin and NEGR1, in early embryonic neurons was sufficient to confer sensitivity to metalloproteinase inhibitors in neurite outgrowth assays. Outgrowth experiments on immobilized IgLON proteins revealed a role for all IgLON family members in promoting neurite extension from cortical neurons. Together, our findings support a role for metalloproteinase-dependent shedding of IgLON family members in regulating neurite outgrowth from mature cortical neurons.
Axon outgrowth is a fundamental process required for proper wiring of the developing brain and for axon regeneration following injury in the adult. During development, gradients of guidance cues bind to cognate receptors on the cell surface to initiate intracellular signals that regulate axon growth (1) . Following CNS injury, the environmental cues are mainly repellent, posing an impediment to axon repair, and the intrinsic capacity of the cell to grow is diminished compared with embryonic neurons (2) . Therefore, understanding how axonal projections modulate their responses to environmental cues will provide new insights into how the brain achieves functional connectivity and new strategies to promote regeneration following CNS injury. The nervous system has evolved numerous strategies to dynamically regulate how axonal projections respond to the environment. One such mechanism is the regulated proteolytic cleavage of cell surface receptors in a process termed ectodomain shedding (3) . Ectodomain shedding can result in insensitivity to ligands in the environment or lead to the formation of biologically active or dominant negative receptor fragments. Shedding has been implicated in a variety of biological processes within the nervous system, including neuronal differentiation, cell migration, neuronal survival, synaptic plasticity, axon guidance, and outgrowth (4 -7) .
Ectodomain shedding is primarily achieved through the activity of matrix metalloproteinases (MMPs) 2 and a disintegrin and metalloproteinase (ADAMs) of the zinc metalloproteinase family (8) . These are ubiquitously expressed proteases that include intracellular, cell surface, and secreted family members. Their activity is controlled through removal of a propeptide domain to convert them from inactive zymogens to their mature active form and through the expression of endogenous inhibitors called tissue inhibitors of metalloproteinases (TIMPs) (9) . Application of metalloproteinase inhibitors to developing Xenopus laevis results in defects in retinal ganglion cell outgrowth and guidance (10) . Similarly, in Drosophila melanogaster, mutations in the ADAM family member Kuzbanian result in severe defects in central nervous system axon guidance (11) . Proteolytic cleavage of a number of receptors and cell adhesion molecules affects axon guidance and outgrowth, including L1 cell adhesion molecule and the axon guidance receptors EphA2, Neuropilin-1, Robo, and DCC (5, (12) (13) (14) . Moreover, Nogo Receptor-1 (NgR1), a receptor for multiple repellent molecules in the adult CNS, is processed by membrane type 3-MMP (15) .
In this study, we identify members of the IgLON protein family as metalloproteinase substrates. IgLONs are members of the immunoglobulin (Ig) superfamily of cell adhesion molecules and are the most abundant glycosylphosphatidylinositolanchored proteins expressed in neurons (16) . The IgLON proteins contain three immunoglobulin domains followed by a glycosylphosphatidylinositol anchor protein and possess 6 -7 potential glycosylation sites (17) . IgLON family members include neurotrimin (NTM), opioid-binding cell adhesion molecule (OBCAM), limbic system-associated membrane protein (LSAMP), and neuronal growth regulator 1 (NEGR1) (16, 18, 19) . IgLON proteins form homophilic and heterophilic complexes along the cell surface and with juxtaposed cells to modulate adhesion and neurite outgrowth. Individual IgLON family members can promote or inhibit growth of different types of neurons in part dependent on the complement of IgLON surface expression (20, 21) . IgLONs may also play a role in the formation and maintenance of excitatory synapses (22) . Our results identify a new family of proteins that are subject to metalloproteinase cleavage and raise the interesting possibility that regulated cleavage of these proteins may play important roles in axon extension and synaptic plasticity.
EXPERIMENTAL PROCEDURES
Animals-Timed pregnant (embryonic day 18 -19) female Sprague-Dawley rats were purchased from Charles River Laboratories (Senneville, Quebec, Canada). All animal care and use were in accordance with the McGill University guidelines and approved by the University Animal Care and Use Committee.
Antibodies-For immunofluorescence, the following antibodies were used: mouse and rabbit anti-tubulin ␤III from Covance (1:1000, Princeton, NJ) and mouse anti-Myc from Sigma (1:1000). Alexa-fluor secondary antibodies were purchased from Invitrogen (1:1000). For Western blot analysis, the following antibodies were used: anti-NTM (1:100, R&D Systems, Minneapolis, MN); anti-LSAMP (1:100, R&D Systems); anti-OBCAM (1:100, Santa Cruz Biotechnology, Dallas, TX); anti-NEGR1 (1:100, Santa Cruz Biotechnology); mouse and rabbit anti-Myc (1:500, Sigma); anti-GAPDH (1:10000, Abcam, La Jolla, CA); and anti-human IgG (1:1000, Jackson Immu-noResearch, West Grove, PA). HRP-conjugated secondary antibodies were purchased from Jackson ImmunoResearch.
Plasmids and Cloning-Full-length human cDNA sequences for NTM, OBCAM, LSAMP (OpenBiosystems, Ottawa, Ontario, Canada), and NEGR1 (SinoBiological, Beijing, China) were cloned into the PsecTag-2B vector (Invitrogen) in-frame with the IgK chain leader sequence at their N-terminal ends. The following primers were used to subclone IgLON proteins into the Psectag-2B vector and introduce an Myc (EQKLISEEDL) epitope tag at the N terminus: NTM forward, 5Ј-GAA AAG CTT GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG AGC GGA GAT GCC ACC TTC-3Ј, and reverse, 5Ј-GAA CTC GAG TCA AAA TTT GAG AAG CAG GTG C-3Ј; OBCAM forward, 5Ј-GAA GAT ATC GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG AGC GGA GAT GCC ACC TTC-3Ј, and reverse, 5Ј-GAA CTC GAG TCA AAA CTT GAT GAA GAA GTG GG-3Ј; LSAMP forward, 5Ј-GAA GATATC GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG CGC AGC GTG GAT TTT AAC C-3Ј, and reverse, 5Ј-GAA CTC GAG TTA ACA TTT GCT GAG AAG GCA G-3Ј; and NEGR1 forward, 5Ј-GAA AAG CTT GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG GTG GAC TTC CCC TGG GCG-3Ј, and reverse, 5Ј-GAA GAA TTC TTA TTG TAG AAT GGC ATT CTT CAG GT-3Ј.
To generate soluble IgLON proteins, the three Ig domains of NTM, OBCAM, LSAMP, and NEGR1 were fused to a human Fc segment encoded by the PFUSE vector (Invitrogen) at their C-terminal ends. The constructs, corresponding to the sequence encoding the ectodomain of NTM, OBCAM, LSAMP, and NEGR1 subcloned into the PFUSE vector, were transiently transfected into HEK293T cells with calcium phosphate (23) . Transfected cells were incubated in the serum-free medium, OptiMEM (Invitrogen), and the media were collected 4 days post-transfection. IgLON-Fc proteins were purified by affinity chromatography with protein A-Sepharose beads. After purification, protein concentration was assayed by protein assay and visualized on an 8% SDS-polyacrylamide gel by Coomassie Brilliant Blue Stain.
Cortical Culture-Embryonic day 18 -19 (E18 -19) rat cortical neurons were dissected in ice-cold Leibovitz (L-15) medium (Invitrogen). Cortical tissue was dissociated in 0.25% trypsin/ EDTA (Invitrogen) and gently triturated. Cortical neurons were aged for 8 DIV in culture plates pre-coated with poly-Llysine (100 g/ml, Sigma). Culture medium consisted of Neurobasal (Invitrogen), 1% B27 (Invitrogen), 1% N2 (Invitrogen), 50 g/ml penicillin/streptomycin (Invitrogen) and 2 mM L-glutamine (Invitrogen).
Outgrowth Assays-For outgrowth assays with pan-metalloproteinase inhibitors or TIMPs, cortical neurons from E18 to 19 rats and cortical neurons aged for 8 DIV were seeded in a 96-well plate previously coated with poly-L-lysine (PLL) and/or aggrecan (Sigma). To reseed aged cortical neurons, cells were detached from the culture plate with 0.125% trypsin/EDTA. Dissociated aged cortical neurons were washed and seeded in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% FBS (Invitrogen). After 4 h, the medium was replaced to culture medium enriched with panmetalloproteinase inhibitors, Batimastat (BB-94; 5 M, Tocris, Ellisville, MO), Ilomastat (GM6001; 20 M, Calbiochem), Ilomastat-negative control (20 M, Calbiochem), or endogenous metalloproteinase inhibitors (TIMP1, TIMP2, and TIMP3; 20 g/ml, R&D Systems). To block neuronal apoptosis, cortical neurons were preincubated with the pan-caspase inhibitor Z-VAD-fmk (50 M, R&D Systems) for 1 h. The neurons were reseeded in a 96-well plate and exposed to BB-94 in the presence of the pan-caspase inhibitor for 48 h. After 48 h, cortical neurons were fixed in 4% paraformaldehyde, 20% sucrose in PBS for 30 min. Neurons were blocked in 5% BSA and 0.2% Triton X-100 in PBS solution for 1 h and stained for ␤III-tubulin antibody and Hoechst 33342 stain (Sigma). For outgrowth assays with immobilized recombinant IgLON proteins, IgLON-Fc proteins in PBS solution were coated in a 96-well plate for 3 h. Aged cortical neurons were seeded in IgLON-Fc-coated wells, fixed, and immunostained after 48 h. Fluorescent images were automatically acquired and analyzed through the Meta-Xpress software on an ImageXpress system.
Apoptosis Assay-DNA fragmentation was detected by labeling free 3Ј-OH DNA strands with a TMR red fluorescent marker using a commercially available In Situ Cell Death detection kit (Roche Applied Science). Cortical cultures were counterstained with anti-␤III-tubulin and Hoechst 33342 and imaged using the ImageXpress system microscope. The percentage of TUNEL-positive neurons was determined using the multiwavelength cell scoring module of MetaXpress.
Proteomics-Cortical neurons from E18 to 19 rats were grown for 8 DIV on PLL-coated plates. Cortical neurons were exposed to DMSO vehicle control or BB-94 for 16 h. The following day, cortical neurons were washed with 1 mM MgCl 2 , 0.1 mM CaCl 2 in cold PBS solution and incubated with EZ-link-Sulfo-NHS-LC-biotin (0.5 mg/ml, Thermo Scientific) on ice for 30 mins. Two washes with 10 mM glycine and PBS were performed to remove any unreactive and unbound biotin. Finally, cells were lysed in 1ϫ RIPA buffer, supplemented with 1ϫ Complete EDTA-free proteinase inhibitor mixture (Roche Applied Science). The lysate-containing buffer was transferred into Eppendorf tubes for 30 min, and cell debris was removed by centrifugation. Biotinylated surface proteins were precipitated using streptavidin-agarose beads (Thermo Scientific), resolved on 4 -16% gradient SDS-polyacrylamide gels, and stained with Coomassie Brilliant Blue. Up-regulated bands in the BB-94 conditions were processed by trypsin digestion, and the resulting peptide mixtures were analyzed by nanoscale liquid chromatography quadrupole time-of-flight tandem mass spectrometry. Mass spectrometry profiles were analyzed using Scaffold software.
RT-PCR-To assay IgLON expression in cortical neurons, RNA was isolated from 2-and 8-DIV cortical neurons followed by a reverse transcriptase-PCR (RT-PCR). The following primers were used to detect rat IgLON family members: NTM forward, 5Ј-CAA CCA CCC TAA GAC CTC CA-3Ј, and reverse, 5Ј-TGC ACT CAT ACT CGC CTG AC-3Ј; OBCAM forward, 5Ј-TCC TCT ACG CTG GGA ATG AC-3Ј, and reverse, 5Ј-GTT GGT TCT GGT CTG CCA AT-3Ј; LSAMP forward, 5Ј-ATC ACC AGG GAA CAG TCA GG-3Ј, and reverse, 5Ј-TCC CGG TAC CAC TCA AAG TC-3Ј; and NEGR1 forward, 5Ј-ATG CAG TGC AGA GAA CGA TG-3Ј, and reverse, 5Ј-AGT GCT CCT GTG TCA CGT TG-3Ј.
Immunochemistry-COS-7 cells were seeded on PLL-coated 6-or 12-well plates and cultured in DMEM with 10% FBS. The cells were transiently transfected with Myc-tagged IgLON constructs, using Lipofectamine-2000 (Invitrogen). After 24 h, the medium was refreshed and supplemented with pan-metalloproteinase inhibitors, phorbol 12-myristate 13-acetate (200 nM, Sigma) or PI-PLC (1 unit/ml, Invitrogen). After another 24 h, cell surface biotinylation was performed. For cortical neurons, 3 ϫ 10 6 neurons were seeded in 60-mm dishes. Biotinylated cell surface proteins and cell lysates were resolved on 8% SDS-polyacrylamide gels and analyzed by Western blot.
For shedding analysis, the culture medium was replaced with serum-free medium (OptiMEM) and supplemented with TPA, pan-metalloproteinase inhibitors, or PI-PLC. After 24 h, supernatants were collected and briefly centrifuged to dispose of residual cell debris. Supernatants were concentrated using column centrifuge filters (10K, Amicon Ultra-15; Millipore, Etobicoke, Ontario, Canada), resolved on 8% SDS-polyacrylamide gels, and analyzed by Western blot. For IgLON shedding analysis in cortical neurons, 5 ϫ 10 6 neurons were seeded in 10-cm plates. The medium of mature cortical neurons was replaced with Neurobasal medium supplemented with DMSO, BB-94, or PI-PLC. After 6 h, the medium was collected, briefly centrifuged, concentrated, and analyzed by Western blot. Shedding experiments were also conducted on brain extracts, prepared from rat at postnatal day 6. Briefly, cortical tissue was homogenized in ice-cold homogenizing solution (1 mM NaHCO 3 , 0.2 mM CaCl 2 , 0.2 mM MgCl 2 at pH 7) and centrifuged to dispose of any residual tissue. Supernatants were collected and centrifuged for 45 min at 25,000 ϫ g. The pellet was resuspended in Neurobasal medium supplemented with DMSO, BB-94, or PI-PLC. After 5 h, the medium was centrifuged for 1 h at 100,000 ϫ g. The supernatant and pellet were collected and analyzed by Western blotting.
Electroporation-To express IgLON family members in immature cortical neurons, dissociated cortical neurons were co-electroporated using the Amaxa Nucleofector system (Amaxa kit, VPG-1003; Myrus kit, MIR5011; Program, O-003; Lonza, Allendale, NJ, and Myrus, Madison, WI) according to the manufacturer's protocol. Myc-tagged IgLON family members and a plasmid encoding an enhanced GFP cassette were introduced in a 3:1 ratio, respectively. Surface IgLON expression was assessed through immunostaining of nonpermeabilized cells with mouse or rabbit anti-Myc antibodies (Sigma).
Nucleofected cortical neurons were incubated with an anti-Myc antibody for 1 h at 37°C and fixed for 15 min with 4% paraformaldehyde, 20% sucrose in PBS solution. Neurons were blocked in 5% BSA in PBS solution for 1 h and incubated with corresponding fluorophore-conjugated secondary antibody and Hoechst 33342 stain. The length of the longest neurite in neurons expressing GFP was measured using the NeuronJ plugin from the ImageJ software.
Statistics-For multiple comparisons, unpaired two-tailed Student t test, one-way ANOVA and two-way ANOVA fol-lowed by a Bonferroni post hoc test were performed using GraphPad Prism software.
RESULTS

Inhibitors of Zinc Metalloproteinases Repress Neurite Outgrowth of Cortical Neurons-Ectodomain
shedding of a number of receptors and adhesion molecules affects axon growth. To further investigate the role of ectodomain shedding in regulating outgrowth, we measured the length of neurites projecting from rat cortical neurons upon exposure to pan-inhibitors of zinc metalloproteinases. We assessed responses of both embryonic cortical neurons and cortical neurons aged for 8 DIV to sensitize them to repellents in the adult CNS (24) . Outgrowth of embryonic cortical neurons was not affected by treatment with BB-94 or GM6001, two broad inhibitors of zinc metalloproteinases ( Fig. 1, A and B) (25, 26) . In contrast, outgrowth from cortical neurons aged for 8 DIV and re-seeded on a permissive PLL substrate was inhibited by both BB-94 and GM6001 (Fig. 1,  A and C) . The metalloproteinase inhibitors also mildly attenuated the neurite outgrowth inhibitory effect of the chondroitin sulfate proteoglycan aggrecan (Fig. 1D ). Neurons treated with DMSO or the inactive analog of GM6001 (GM-I) were signifi- cantly inhibited by 1 or 5 g/ml aggrecan, respectively, whereas those treated with BB-94 or GM6001 only became responsive to aggrecan at 25 g/ml, the highest dose tested (Fig. 1, A and  D) . This suggests that zinc metalloproteinase substrate(s) are important for promoting the intrinsic growth capacity of mature cortical neurons on permissive substrates and also contribute to neurite outgrowth inhibition on chondroitin sulfate proteoglycans. We investigated the molecular mechanism that is responsible for promoting the intrinsic growth capacity of aged cortical neurons.
To determine whether metalloproteinase inhibitors suppress neurite extension in mature cortical neurons through indirect effects on cellular adhesion or viability, we quantified the total number of neurons and the number of apoptotic neurons following treatment with BB-94 or GM6001. The metalloproteinase inhibitors had no effect on the number of neurons that adhered to the substrate (Fig. 2, A and B) . To assay for cell viability, TUNEL TMR-red staining was performed, and the cultures were co-stained with a nuclear and a neuronal marker ( Fig. 2A ). Both BB-94 and GM6001 had a small but significant effect on the number of TUNEL-positive neurons (Fig. 2B) . In control conditions, we found 3-4% of apoptotic neurons, whereas BB-94 increased the number to 10%, and GM6001 increased the number to 9%. We therefore tested the effects of BB-94 in the presence of the pan-caspase inhibitor Z-VAD-fmk to block apoptosis (27) . Z-VAD-fmk blocked the BB-94-dependent increase in cell death but did not attenuate the neurite outgrowth inhibitory effect of BB-94 leading us to conclude that the neurite outgrowth inhibitory effect of the metalloproteinase inhibitors is not an indirect effect of reduced cell viability (Fig. 2C) .
ADAM Family Member Promotes Neurite Outgrowth of Mature Cortical Neurons-We then determined the type of metalloproteinase responsible for promoting cortical neurite outgrowth by treating cells with TIMPs, endogenous inhibitors of zinc metalloproteinases. Individual TIMPs vary in their selectivity (28) . TIMP1 inhibits ADAM10 and MMPs except for most membrane-type MMPs. TIMP2 inhibits all metalloproteinases, and TIMP3 inhibits the metalloproteinases and some ADAM family members. When mature cortical neurons were exposed to recombinant TIMPs, TIMP3 selectively and significantly inhibited neurite outgrowth (Fig. 3, A and B) . Similar to the pan-metalloproteinase inhibitors, TIMP3 had no effect on cell adhesion and a modest effect on cell survival ( Fig. 3, C, and  D) . The selective effect of TIMP3 implicates an ADAM family member in enhancing outgrowth in mature cortical neurons. Arrows define protein bands that are insensitive to metalloproteinase activity.
TABLE 1 Mass spectrometry results
A list of potential metalloproteinase substrates from a proteomic analysis performed on seven sample bands up-regulated in a cell surface biotinylation (Fig. 4) . A list of 44 potential metalloproteinase substrates were obtained from a proteomic analysis. From this list, 13 peptides were previously identified as metalloproteinases substrates (red) and four members of a family of adhesion proteins (IgLONs), as potential metalloproteinase substrate candidates (blue). FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7
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Members of the IgLON Family of Cell Adhesion Molecules Are
Shed from the Surface of Cortical Neurons by Metalloproteinases-In the interest of identifying metalloproteinase substrates that may be responsible for the intrinsic ability of cortical neurons to extend neurites, we identified proteins that are shed from the surface of cortical neurons in a metalloproteinase-dependent manner. We biotinylated cell surface proteins in mature cortical neurons cultured in the presence or absence of the BB-94. We then washed the cells and precipitated cell surface-biotinylated proteins with streptavidin beads, separated them by SDS-PAGE, and stained them with Coomassie Brilliant Blue stain. Seven bands were markedly more intense in samples treated with BB-94 suggesting that they contained metalloproteinase substrates that were enriched on the cell surface upon metalloproteinase inhibition (Fig. 4) . These bands were excised from the gel and analyzed by tandem mass spectrometry. Peptides from 44 proteins were identified, 13 of which have been previously described to undergo ectodomain shedding ( Table 1) . A survey of the proteins revealed functions in cell adhesion, ion conduction, and cell signaling. Numerous proteins have roles in regulating synaptogenesis. Notably, four of the proteins identified belong to the IgLON subgroup of the immunoglobulin superfamily cell adhesion molecules.
To validate that IgLON family members are indeed processed by metalloproteinase activity, we transfected COS-7 cells with Myc-tagged IgLON constructs and analyzed both the conditioned media and biotinylated cell surface proteins. All IgLON family members could be detected on the cell surface and in the conditioned media from the transfected COS-7 cells (Fig. 5A) . The bands that we detect correspond to the glycosylated forms of the IgLONs, which migrate with molecular masses between 50 and 68 kDa, demonstrating that transfected IgLONs are properly glycosylated and traffic to the cell surface.
When the cells were exposed to BB-94 or GM6001, IgLON family members accumulated on the cell surface and were weak or undetectable in the conditioned media. Furthermore, treatment of cells with the phorbol ester TPA, which increases levels of metalloproteinase activity, resulted in a loss of the IgLONs from the cell surface and accumulation in the conditioned media (29) . The effect of TPA was blocked with BB-94 confirming that the enhanced shedding was metalloproteinase-dependent ( Fig. 5B ). We also treated neurons with PI-PLC, an enzyme that cleaves glycosylphosphatidylinositol-anchored proteins. IgLONs in the conditioned media following PI-PLC treatment migrate slightly higher than the metalloproteinase-dependent shed product (Fig. 5A) . The distinction between the product generated by metalloproteinases and PI-PLC was even more apparent when the deglycosylating agent peptide:N-glycosidase F was added to the conditioned media ( Fig. 5C) (30) . Following treatment with peptide:N-glycosidase, the IgLONs migrate near their predicted molecular masses of 37 kDa, and the endogenously cleaved products migrate more rapidly than full-length IgLONs released by PI-PLC. It was also apparent that the product in the conditioned media migrated more rapidly than the product from cell lysates (Fig. 5D ). We conclude that IgLON proteins are cleaved close to the membrane to shed an ectodomain fragment that is near full length.
Metalloproteinase activity in any given cell type is a function of the expression of mature metalloproteinases as well as the expression of TIMPs. We next characterized the shedding profile of IgLONs from cortical neurons to determine whether they were good candidate substrates to promote the intrinsic growth capacity of the aged cortical neurons. We analyzed the expression pattern of IgLON family members in cortical neurons cultured for 2 and 8 DIV. mRNA for all four IgLON family members was detectable in both stages of cortical neurons by RT-PCR (Fig. 6A ). We then acquired commercial antibodies to individual IgLON family members and confirmed that they detected recombinant protein (Fig. 6, B and C) . The anti-NTM antibody showed some cross-reactivity to OBCAM, whereas the other anti-IgLON antibodies were specific. Using these antibodies to probe cortical lysates, we found that IgLON proteins were weakly expressed or absent in 2 DIV cortical neurons both in the cell lysate and at the cell surface and were up-regulated at 8 DIV (Fig. 6D) . The up-regulation in IgLON protein expression was also apparent in cortex isolated from rat brain ruling out the possibility that this is an effect of the cell culture (Fig. 6E) . The expression profile of the IgLONs correlated with the metalloproteinase sensitivity of the cortical neurons in neurite outgrowth assays (Fig. 1) .
We then used these antibodies to probe conditioned media from cortical neurons cultured for 8 DIV. When cortical neurons were treated with PI-PLC, all IgLON family members were enriched in the conditioned media indicating that they are all expressed on the cell surface of these neurons (Fig. 6F ). In the conditioned media from untreated cortical neurons, NTM and NEGR1 were present, and levels were reduced by treatment with BB-94 demonstrating that these two family members undergo constitutive shedding in mature cortical neurons (Fig.  6F ). LSAMP and OBCAM were not detectable in the condi- tioned media from resting cortical neurons leading us to conclude that these IgLON family members undergo little shedding in these conditions or that they are unstable upon their release. To validate the processing of NTM and NEGR1 by metalloproteinases in vivo, we collected the conditioned media from brain extracts. All IgLON family members were detected in the conditioned media, and similar to the culture experiment, NTM and NEGR1 were most robustly shed (Fig. 6F) .
NTM and NEGR1 Sensitize Immature Cortical Neurons to BB-94 -We next asked whether introducing IgLONs into 2 DIV cortical neurons would be sufficient to sensitize the neurons to a metalloproteinase inhibitor in the neurite outgrowth assay. 2-DIV cortical neurons were nucleofected with individual IgLON constructs. We confirmed that Myc-tagged IgLON constructs were expressed at the cell surface of the neurons by performing immunofluorescence staining on cortical neurons prior to permeabilization (Fig. 7A ). Introduction of NTM or NEGR1, but not OBCAM or LSAMP, was sufficient to sensitize these neurons to the outgrowth inhibitory activity of the metalloproteinase inhibitor BB-94 implicating shedding of these IgLON family members in regulating the intrinsic growth capacity of neurons ( Fig. 7B) . Introduction of the IgLONs in the absence of BB-94 did not impact outgrowth suggesting that BB-94 leads to an accumulation of NTM and NEGR1 on the cell surface that impedes neurite extension.
Immobilized Full-length IgLON Family Members Promote Neurite Outgrowth from 8-DIV Cortical Neurons-IgLON family members act through homophilic and heterophilic interactions and through interactions with other receptors to promote adhesion and to promote or repress growth (31, 32) . The effects of IgLON family members vary depending on the cell type and stage (20, 33) . We coated IgLONs as substrates and tested their effects on neurite outgrowth from 8-DIV cortical neurons (20) . We observed a dose-dependent increase in neurite outgrowth with recombinant NTM, OBCAM, LSAMP, and NEGR1 compared with control substrate (Fig. 8A) . This finding supports a model whereby IgLONs shed from the surface of mature cortical neurons could generate a growth-permissive substrate for outgrowth. We then treated mature cortical neurons grown on IgLON substrates with BB-94. We found that outgrowth of cortical neurons grown on IgLON substrates was insensitive to BB-94 suggesting that the substrate can overcome inhibitory effects of cell surface IgLONs (Fig. 8B ). Together, our data demonstrate that IgLON shedding promotes the growth of cortical neurons by forming a growth-permissive substrate for cortical neurons and by relieving a neurite outgrowth inhibitory signal transduced by a NTM-or NEGR1-containing cell surface complex ( Fig. 8C ).
DISCUSSION
Ectodomain shedding is an important regulatory mechanism that can desensitize a cell to a ligand and generate biologically active fragments. Here, we report that members of the IgLON family of cell adhesion molecules are shed from the surface of mature cortical neurons through ADAM-dependent proteolysis. Release of IgLON proteins from the surface of mature cortical neurons promotes their outgrowth likely by providing a permissive substrate at the leading edge of the neuronal growth cone and through the relief of a neurite outgrowth inhibitory signal from cell surface IgLONs.
Ectodomain Shedding of IgLON Family Members in Neurite Outgrowth-Previous studies have uncovered important aspects of metalloproteinase activity in neurite outgrowth. One major aspect is the enrichment of the extracellular matrix with functionally active fragments to enhance neurite outgrowth. For example, cleavage of L1-CAM proteins promotes neurite outgrowth in cerebellar granule cells (4), whereas cleavage of neuronal cell adhesion molecule (NCAM) promotes neurite outgrowth in hippocampal neurons (34) . The growth-promoting effect of the L1-CAM and NCAM shed products is mediated through homophilic interactions and activation of the integrin receptor (12, 35, 36) . Although we have not characterized the site of metalloproteinase cleavage, our experiments reveal that near full-length IgLON family members are processed in a met- alloproteinase-dependent manner, similar to L1-CAM and NCAM, to facilitate neuronal extension in cortical neurons. The ability of substrate-bound IgLONs to promote outgrowth of mature cortical neurons supports the idea that shed IgLONs signal through homophilic-heterophilic-IgLON interactions or alternative receptor molecules to promote growth (Fig. 8) . IgLON overexpression did not promote neurite growth on its own suggesting that insufficient concentrations of IgLONs were generated in the vicinity of the growth cone to generate a growth-permissive substrate. By mass spectrometry, we found that all IgLON family members were enriched on the cell surface following treatment with metalloproteinase inhibitors. In contrast, only NTM and NEGR1 could be detected in conditioned media from cortical neurons by Western blotting. This may reflect limited stability of OBCAM and LSAMP upon their release from the cell surface.
Our data also support the idea that shedding of NTM and NEGR1 acts to relieve an outgrowth inhibitory signal transduced from the cell surface. Introduction of NTM and NEGR1 into 2-DIV cortical neurons, which do not express endogenous IgLON at the cell surface, sensitized neurons to the outgrowth inhibitory effect of BB-94 but did not affect outgrowth in the absence of BB-94 ( Fig. 7 ). If the sensitivity to BB-94 resulted from a failure to present growth-promoting fragments in the vicinity of the growth cone, then it follows that transfection of IgLONs themselves should have had a growth-promoting effect. Because they did not, we reason that BB-94 leads to the enrichment of a cell surface complex that limits the extension of cortical neurons. This complex could be formed by IgLON homodimers or heterodimers or by IgLON proteins in complex with a co-receptor (31, 32) . IgLON overexpression likely fails to inhibit outgrowth in the absence of BB-94 because it is constitutively shed. Mature cortical neurons grown on IgLON substrates were insensitive to BB-94 suggesting that the growth promoting activity of shed IgLONs overcomes the influence of any cell surface inhibitory signals. A tempting speculation is that substrate-bound IgLONs may complex with cell surface IgLONs to displace a co-receptor that is required for transducing neurite outgrowth inhibitory signals intracellularly.
IgLON Shedding by the ADAM Family of Metalloproteinases-The selective effect of TIMP3 on neurite extension implicates a member of the ADAM family of metalloproteinases as likely FIGURE 8 . Immobilized IgLON family members promote neurite outgrowth in cortical neurons. A, outgrowth quantification of mature cortical neurons seeded on Fc-IgLON substrates (10, 50, and 100 g/ml). Data were normalized to control Fc substrate. B, outgrowth quantification of mature cortical neurons seeded on IgLON substrates (100 g/ml) and exposed to DMSO or BB-94. Data are shown as mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 by one-way (B) and two-way (C) ANOVA, followed by Bonferroni post hoc test. C, schematic representation of the role of IgLON processing in neurite outgrowth. mediators of NTM and NEGR1 processing. NTM has also been identified as a potential BACE-1 substrate raising the possibility that it is a substrate of multiple proteases (37) . Thirty seven ADAM family members are expressed in mice, 12 of which contain proteolytic activity (38) . Among the best characterized ADAM proteases, ADAM10, ADAM17, and ADAM8 are observed to regulate axon extension. Proteolytic cleavage of NCAM and L1-CAM by ADAM10 and ADAM17 is involved in axon growth, and ectodomain shedding of CHL1 by ADAM8 promotes neurite outgrowth in cerebellar granule cells (4, 34, 39) . Although we have not conducted a comprehensive analysis of all ADAM family members, we did find that knockdown of ADAM10 had no impact on IgLON shedding (data not shown).
Physiological Role of IgLON Shedding-It is noteworthy that metalloproteinase inhibitors selectively affected the outgrowth of aged cortical neurons, although the immature neurons were unaffected (Fig. 1) . The developmentally regulated response of the cortical neurons correlates with an increase in expression of IgLON proteins at the cell surface. The developmental increase in IgLON expression is consistent with previous reports analyzing the expression of several IgLON family members in tissue from several regions of the rodent brain (16, 40) . In the course of postnatal development, axons continue to grow in complexity and length to establish connections and form the laminated cortical structure. The delayed expression of IgLON family members raises the possibility that IgLON shedding may play roles in late stages of cortical neuron outgrowth or synaptogenesis rather than the initial outgrowth of cortical neurons. Axonal LSAMP expression plays an important role in the specific targeting of dopaminergic axons to the lateral subdomain of the habenula (41) . Furthermore, down-regulation of NEGR1 expression both in vitro and in vivo was observed to decrease the overall complexity of neurite arborization suggesting a role in axon targeting and stability rather than overall outgrowth (42) . IgLON family members are also expressed at synaptic sites (22, 40, 43) . Overexpression of individual IgLON family members differentially affects the number of dendritic synapses that form in cultured hippocampal neurons, whereas NEGR1 and OBCAM loss of function results in a reduction in synapse formation on dendrites (42, 44, 45) . Proteolytic cleavage of IgLON family members could thus have critical roles in specific targeting and synaptogenesis of cortical neurons similar to roles of other synaptic cell adhesion molecules, including NCAM, L1-CAM, and N-cadherin (46 -48) . The physiological role of IgLON shedding is a particularly interesting question in the context of the recent classification of IgLONs as potential candidate genes underlying aspects of autism spectrum disorder and cancer susceptibility (49 -52) .
